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Previous studies using Doppler echocardiography to evaluate left 
ventricular diastolic fiDing have shown that myocardial ischemia 
induced by coronary balloon angioplasty or atrial pacing results in 
a decrease in the left ventricular inflow peak early (E) to peak 
atrial (A) velocity ratio. To investigate the effects of exercise-
induced ischemia on Doppler-derived filling variables, 20 patients 
with coronary artery disease and exercise-induced electrocardio-
graphic changes and regional wall motion abnormalities deter-
mined by two-dimensional echocardiography were evaluated and 
compared with 20 patients without evidence of exercise-induced 
ischemia. Doppler echocardiography was performed at rest and 
immediately after exercise before the resolution of exercise-
induced wall motion abnormalities. 
Peak E and A velocities increased from rest to postexercise in 
both the ischemic and nonischemic groups, although the ischemic 
group demonstrated a greater increase in peak E velocity (from 
68 ± 15 cm/s at rest to 88 ± 22 cm/s after exercise) than the 
nonischemic group (70 ± 13 to 77 ± 18 cm/s) (p < 0.05 for the 
Changes in left ventricular diastolic function have been 
described (1) in a wide variety of cardiac disease states and 
have proven to be of clinical importance. Traditional analy-
sis of left ventricular diastolic performance has involved 
cardiac catheterization with pressure and volume measure-
ments (2). More recently, indexes derived from pulsed 
Doppler echocardiographic analysis of diastolic transmitral 
flow have been used as measures of diastolic function (3,4). 
Advantages favoring the use of Doppler echocardiography in 
the assessment of diastolic performance include its noninva-
sive nature, relative ease of performance, portability and 
ability to monitor changes on a beat to beat basis. However, 
hemodynamic changes independent of intrinsic ventricular 
diastolic properties may also influence the pattern of left 
ventricular filling and recent studies (5-8) have demon-
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difference in response between groups). Accompanying these 
changes was a slight increase in the peak Ei A velocity ratio in the 
ischemic group (1.04 ± 0.28 at rest to 1.13 ± 0.42 after exercise) 
versus a decrease in the nonischemic group (1.07 ± 0.30 to 0.90 ± 
0.28) (p < 0.05 intergroup difference). Within the ischemic group, 
the change from rest to postexercise in peak Ei A velocity ratio was 
related to changes in left ventricular wall motion score (r = 0.61, 
p = 0.004) and inversely to changes in left ventricular ejection 
fraction (r = -0.61, p = 0.004) but not to changes in heart rate 
(r = -0.30, p = NS). 
This study demonstrates that during exercise-induced isch-
emia, early diastolic filling is not blunted but is instead main-
tained. This observation correlates with changes in left ventricular 
systolic function, suggesting that exercise-induced ischemia may 
lead to greater increases in left atrial pressure, which augments 
peak E velocity and results in pseudonormalization of the diastolic 
Doppler velocity profile. 
(J Am Coil CardioI1991;18:75-82) 
strated the importance of alterations in left ventricular 
loading conditions on the Doppler mitral velocity profile. 
Abnormalities in left ventricular diastolic performance as 
assessed by angiographic and radionuclide techniques are 
common in patients with coronary artery disease, both at 
rest and during stress-induced myocardial ischemia (9-13). 
Additionally, experimental and clinical studies (14,15) have 
determined that ischemia-induced abnormalities in diastolic 
function often precede the development of systolic abnor-
malities and that the diastolic abnormalities resolve more 
slowly during resolution of the ischemia. In the setting of 
chronic ischemic heart disease, abnormalities of the Doppler 
transmitral flow velocity profile have been reported at rest 
(16) and after transient ischemia produced by percutaneous 
coronary balloon angioplasty (17,18), rapid atrial pacing (19) 
and dipyridamole infusion (20,21). However, the hemody-
namic accompaniments of ischemia are variable and depend 
on the technique used to provoke it. Hence, ischemia 
precipitated by atrial pacing may be accompanied by dif-
ferent hemodynamic changes from those of ischemia precip-
itated by exercise (22). 
The effects of exercise-induced myocardial ischemia on 
the pattern of left ventricular filling as determined by Dopp-
ler echocardiography have not been extensively studied. The 
0735-1097/91/$3.50 
76 PRESTI ET AL. 
DIASTOLIC FILLING DURING EXERCISE ISCHEMIA 
Table 1. Clinical and Angiographic Findings in the Two 
Study Groups 
Nonischemic Group Ischemic Group 
(n = 20) (n = 20) 
Age (yr) 57 ± 10 59 ± 9 
Hypertension 6 (12%) 7 (14%) 
History of MI 0(0%) 3 (6%) 
LVEF (%) 65 ± 8* 66±11 
Vessels obstructed (no.) 
0 14* 0 
1 2 
2 7 
3 11 
*Angiography performed on 14 of 20 patients in the nonischemic group. 
LVEF = left ventricular ejection fraction; MI = myocardial infarction. 
purpose of this study was to examine the effects of exercise-
induced ischemia on the trans mitral flow velocity profile in a 
well defined group of patients with evidence of exercise-
induced systolic dysfunction due to coronary artery disease, 
as well as in a group of patients without ischemia. 
Methods 
Study patients (Table 1). The total study group comprised 
40 patients undergoing exercise treadmill testing for evalua-
tion of chest pain syndromes. All patients gave written 
informed consent on a form approved by our Institutional 
Review Board. No patient had mitral or aortic valve stenosis 
or significant aortic or mitral regurgitation by Doppler echo-
cardiography. Additionally, no patient had undergone prior 
coronary artery bypass grafting, had had a recent «6 
months) myocardial infarction or had left bundle branch 
block. All patients had sinus rhythm. 
The nonischemic group comprised 20 men (mean age 57 
years, range 41 to 73) who had a normal electrocardiographic 
(ECG) response to maximal treadmill exercise and normal 
rest and postexercise two-dimensional echocardiograms. 
Fourteen patients in this group underwent cardiac catheter-
ization and all had angiographically normal coronary arter-
ies. 
The ischemic group comprised 20 men (mean age 59 
years, range 41 to 72) with an abnormal ECG response to 
treadmill exercise and the development of a regional wall 
motion abnormality by exercise echocardiography. All pa-
tients in this group underwent cardiac catheterization and 
demonstrated a ~50% decrease in luminal diameter of at 
least one major epicardial coronary artery. Two patients in 
this group had single-vessel disease, 7 had double-vessel 
disease and 11 had triple-vessel disease. 
Cardiac catheterization. Cardiac catheterization and cor-
onary cineangiography were performed with use of the 
Judkins technique. The coronary arteries were visualized in 
multiple projections and significant coronary artery disease 
was defined as a ~50% reduction in luminal diameter of at 
least one major epicardial coronary artery. Left ventricular 
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angiography was performed in the 30° right anterior oblique 
projection and left ventricular ejection fraction was calcu-
lated by the area-length method (23). 
Exercise protocol. All subjects had antianginal medica-
tions (nitrates, beta-adrenergic blocking agents and calcium 
channel antagonists) withdrawn for ~48 h before exercise 
testing. No patient was taking digitalis. Treadmill exercise 
testing was performed using the Bruce protocol. Exercise 
end points included the attainment of ~85% of age-predicted 
maximal heart rate or development of progressive chest 
discomfort, dyspnea or fatigue. For all subjects, a multiple 
channel ECG and blood pressure were monitored continu-
ously during exercise and recovery. An abnormal exercise 
ECG response was defined as ~ 1 mm of horizontal or 
downsloping ST segment depression at 80 ms after the J 
point when the baseline ECG was normal or as ~ 1.5 mm 
additional ST segment depression in the setting of an abnor-
mal baseline ST segment. 
Exercise two-dimensional and Doppler echocardiography. 
All two-dimensional and Doppler echocardiograms were 
performed with an Advanced Technology Laboratories 
Ultramark 8 system equipped with a 2.25 MHz imaging 
transducer having pulsed Doppler capabilities. Before exer-
cise testing, with the patient in the left lateral decubitus 
position, standard apical two- and four-chamber views were 
recorded. Mitral Doppler inflow signals were then recorded 
with the sample volume placed at the level of the mitral 
leaflet tips. The heart was imaged in the apical four-chamber 
view. Audio and visual signals were optimized by slight 
adjustment of sample volume position. Special care was 
used to ensure that the sampling position remained constant 
and this was confirmed by frequently switching the instru-
ment back to the real time imaging mode. Doppler signals 
along with a simultaneous ECG were recorded on paper at a 
speed of 100 mmls. After recording of the Doppler signals, 
standard parasternal long- and short-axis views were ob-
tained with the patient in the supine position. The optimal 
transducer positions were then marked on the patient's chest 
before treadmill exercise. Immediately after the cessation of 
exercise, the patient resumed a left lateral position and the 
two-dimensional and Doppler echocardiograms were re-
corded in the same sequence as before exercise. Postexer-
cise echocardiograms were generally completed within 120 
to 180 s after the termination of exercise. 
Interpretation of exercise echocardiograms. All echocar-
diograms were interpreted by an experienced echocardiog-
rapher who had no knowledge of the treadmill exercise test, 
cardiac catheterization an9 Doppler echocardiographic data. 
The studies were prepared in continuous loop format and 
stored on 5.25 in. (13.34 cm) floppy disks using an off-line 
analysis system (Nova Microsonics, Inc.) as previously 
described (24). Pre- and postexercise images were displayed 
in a side by format for analysis of regional wall motion. Wall 
motion was qualitatively graded as normal, hypokinetic, 
akinetic or dyskinetic (24). By study design, all subjects in 
the nonischemic group had normal wall motion at rest and 
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Table 2. Mitral Doppler Flow Velocity Variables at Rest and Immediately After Exercise in Nonischemic and Ischemic Patient Groups 
Nonischemic Group Ischemic Group 
Rest Postexercise Rest Postexercise 
Peak E wave velocity (cm/s) 70 ± 13 77 ± 18* 68 ± 15 88 ± 22*+ 
Peak A wave velocity (cm/s) 69 ± 19 90 ± 17* 68±13 81 ± 20' 
Peak E wave to peak A wave velocity ratio 1.07 ± OJ 0.9 ± 0.28 1.04 ± 0.28 1.13 ± 0.42+ 
Peak E wave acceleration (cm/s2) 1,900 ± 579 2,502 ± 1,180* 1,627 ± 589 2,462 ± 1,198* 
Mean E wave acceleration (cm/s2) 872 ± 238 1,144 ± 477* 805 ± 242 1,102 ± 390* 
Peak E wave deceleration (cm/s2) 557 ± 172 614 ± 174' 530 ± 225 839 ± 437*+ 
Mean E wave deceleration (cm/s2) 240 ± 75 341 ± 134* 255 ± 94 406 ± 197* 
Total velocity-time integral (em) 17.5 ± 2.9 16.8 ± 2.4 18.5 ± 38 18.9 ± 3.9 
Mean diastolic velocity (cm/s) 34 ± 10 54 ± 12* 32 ± 6 46 ± 12*+ 
Peak E wave v.elocity normalized to total 4 ± 0.7 4.7 ± 1.0' 3.8 ± 0.8 4.6 ± 1.1* 
velocity-time integral (s-') 
Heart rate (beats/min) 64±1O 95 ± 10* 61 ± 9 80 ± 17*t+ 
*p < 0.05 rest versus exercise; tp < 0.05 ischemic versus nonischemic group; +p < 0.05 response of ischemic versus nonischemic group from rest to exercise. 
A = peak atrial velocity; E = peak early left ventricular inflow velocity. 
immediately after exercise, whereas all subjects in the isch-
emic group had exercise-induced wall motion abnormalities. 
Twelve patients in the ischemic group had a wall motion 
abnormality at rest. All of these patients demonstrated the 
development of a new wall motion abnormality immediately 
after exercise remote from the wall motion abnormality 
observed at rest. In the ischemic group, a wall motion score 
index was also generated using 16 left ventricular wall 
segments as previously described (25). Left ventricular 
end-diastolic volume, end-systolic volume and ejection frac-
tion were measured from the apical four- and two-chamber 
views using Simpson's rule as previously described (26). 
Analysis of Doppler echocardiograms. In each subject, 
Doppler measurements were performed at rest and immedi-
ately after exercise by averaging the values of four to eight 
cardiac cycles recorded at end-expiration. Measurements 
were performed by one experienced operator by digitizing 
the outermost portion of the velocity tracings. All measure-
ments were peIformed using an off-line microcomputer and 
dedicated software program (Nova Microsonics, Version 
4.0). The ascending and descending limbs of the E wave 
were linearly extrapolated to the baseline. The peak velocity 
of the E wave and the atrial contraction (A) wave, the 
acceleration and deceleration of the E wave (defined as the 
slope of the ascending and descending limbs ofthe E wave), 
mean diastolic velocity, total velocity-time integral and the 
corresponding heart rate were measured. Subsequently, the 
ratio of early (E) to atrial (A) peak velocities (EI A) and the 
peak velocity of the E wave normalized to the total velocity-
time integral were calculated (7). No patient included in this 
study had peak E and A wave velocities that were merged 
during the immediate postexercise period. 
Statistical analysis. Data are presented as mean values 
± 1 SD. Student's t test for group data was performed for 
comparisons of clinical and angiographic variables between 
the ischemic and nonischemic groups. Analysis of variance 
for repeated measures was used to assess changes in Dopp-
ler variables during exercise. Correlation between changes 
in Doppler variables and changes in indexes of left ventric-
ular size and systolic function (wall motion score index, 
ejection fraction and end-diastolic and systolic volumes) and 
heart rate were performed with least squares linear regres-
sion analysis. Statistical significance was assigned to proba-
bility values :s0.05. Subsequently, multiple stepwise linear 
regression analysis was performed to identify those factors 
that correlated best with Doppler variables. In this analysis, 
variables were entered in a stepwise manner in order of 
decreasing significance with those variables listed having 
significance at the p < 0.15 level after entry into the model. 
Results 
Response of Doppler flow measurements to exercise (Table 
2). Exercise resulted in significant increases in most dia-
stolic filling variables in both the nonischemic and ischemic 
groups, including peak E wave velocity, peak A wave 
velocity, mean diastolic velocity, peak and mean E wave 
acceleration, peak and mean E wave deceleration and peak 
E wave velocity normalized to total velocity-time integral. 
There was no significant change from rest to immediate 
postexercise in total diastolic velocity-time integral, consis-
tent with previous data from this laboratory (27). However, 
the ischemic group demonstrated a greater change in peak E 
wave velocity from rest to postexercise compared with the 
nonischemic group (27 ± 24% vs. 13 ± 26%, p < 0.05). 
Similarly, the ischemic group had a smaller increase in mean 
diastolic velocity from rest to postexercise than did the 
nonischemic group (44 ± 32% vs. 61 ± 31%, P < 0.05) and 
a greater increase in peak E wave deceleration (64 ± 75% vs. 
22 ± 54%, p < 0.05). 
Although the ratio of the peak velocities of the E and A 
waves did not change significantly from rest to immediately 
postexercise in either the ischemic or the nonischemic 
group, the response to exercise between groups did differ. 
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Figure 1. Changes in the ratio of peak atrial velocity to peak early 
left ventricular inflow velocity (E/A Ratio) from rest (R) to the 
immediate postexercise period (PE) in patients without (left) and 
with (right) ischemia. Open circles represent the mean values for 
E/A ratio at rest and after exercise. 
The ischemic group displayed a slight increase in the E/A 
ratio (1.04 ± 0.28 to 1.13 ± 0.42), which was significantly 
different from the response in the nonischemic group, which 
demonstrated a slight decrease in the ratio from rest to after 
exercise (1.07 ± 0.30 to 0.90 ± 0.28, p < 0.05). The changes 
in the E/A ratio from individual subjects are displayed in 
Figure 1. The ratio of the peak E and A wave velocities 
increased by > 10% in 8 of 20 patients in the ischemic group, 
whereas the ratio decreased by> 10% in 15 ofthe 20 patients 
in the nonischemic group and increased in only 3 of these 
patients. Figure 2 is an example of a patient with triple-
vessel coronary artery disease who developed an antero-
apical regional wall motion abnormality on postexercise 
two-dimensional echocardiographic imaging and a significant 
increase in peak E wave velocity and E/A ratio. 
Correlation of Doppler variables and ischemia-induced 
changes in systolic function (Tables 3 and 4). In the ischemic 
group, wall motion score index increased from 1.10 ± 0.11 at 
rest to 1.45 ± 0.22 after exercise (p < 0.001). Changes in left 
ventricular ejection fraction (54 ± 8% at rest to 52 ± 10% 
It --
It --~ 
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Table 3. Rest and Exercise Echocardiographic Response in the 20 
Patients Who Developed Ischemia During Exercise 
WMSI WMSI 
Pt No. Rest 
1 1.06 
2 1.20 
3 1.31 
4 1.06 
5 1.25 
6 1.00 
7 1.00 
8 1.13 
9 1.25 
10 1.00 
11 1.00 
12 1.00 
13 1.00 
14 1.13 
15 1.25 
16 1.19 
17 1.00 
18 1.13 
19 1.00 
20 1.13 
Mean 1.10 
±SD 0.11 
p value 
Ex 
1.31 
1.31 
1.69 
1.38 
1.75 
1.56 
1.25 
1.29 
1.50 
1.44 
1.13 
1.25 
1.67 
1.50 
1.81 
1.75 
1.31 
1.25 
1.13 
1.69 
1.45 
0.22 
<0.001 
LVEF (%) EDV(ml) ESV(ml) 
Rest Ex Rest Ex Rest 
68 66 87 65 28 
57 45 147 136 64 
59 76 98 72 40 
44 38 137 163 77 
46 49 107 107 59 
53 43 73 105 35 
42 41 124 108 72 
54 53 66 53 31 
42 52 128 96 75 
53 53 62 59 30 
54 60 90 64 42 
56 59 144 91 62 
61 37 65 81 25 
51 53 76 71 38 
49 43 62 130 31 
67 47 89 109 30 
53 45 89 82 42 
50 59 84 69 42 
65 67 114 89 40 
58 50 90 81 38 
54 52 97 92 45 
7.6 10.2 27 28 17 
NS' NS' 
Ex 
23 
75 
18 
103 
55 
61 
65 
25 
46 
28 
26 
39 
51 
34 
75 
58 
45 
29 
29 
41 
46 
22 
NS' 
'Compared with rest. EDV = end-diastolic volume; ESV = end-systolic 
volume; Ex = exercise; L VEF = left ventricular ejection fraction; Pt = 
patient; WMSI = wall motion score index. 
after exercise), left ventricular end-diastolic volume (97 ± 27 
to 92 ± 28 m!) and left ventricular end-systolic volume (45 ± 
17 to 46 ± 22 m!) were not significant. However, the eight 
patients in the ischemic group who had> 10% increase in 
EI A velocity ratio from rest to postexercise demonstrated 
substantially more systolic dysfunction than the eight pa-
tients in the ischemic group who had a > 10% decrease in 
E/A velocity ratio. Wall motion score index increased by 
Figure 2. Example of mitral Doppler signals in a patient 
with an exercise-induced anteroapical wall motion abnor-
mality. At rest (left), the peak atrial velocity (A) is slightly 
greater than the peak early left ventricular velocity (E) and 
the E/A ratio is 0.87. Immediately after exercise (right), 
there is a significant increase in peak E velocity and a 
concomitant increase in the E/A ratio to 2. 
JACC Vol. 18, No. I 
July 1991 :75-82 
Table 4. Comparison of Patients Who Demonstrated 2: 10% 
Change in Ef A Ratio With Exercise 
%~ 
WMSI %~ LVEF %~EDV %~ ESV 
;:::10% increase in EtA 40 ± 19 -13 ± 20 8 ± 22 36 ± 51 
(n = 8) 
;::: 10% decrease in EtA 23 ± 11 8 ± 11 -22 ± 10 -28 ± 16 
(n = 8) 
p value <0.05 <0.03 <0.004 <0.004 
Abbreviations as in Tables 2 and 3. 
40 ± 19% in the former group compared with 23 ± 11 % in the 
latter group (p < 0.05). The changes in left ventricular 
ejection fraction (-13 ± 20% vs. +8 ± 11%, p < 0.03), 
end-diastolic volume (+8 ± 22% vs. -22 ± 10%, p < 0.004) 
and end-systolic volume (+36 ± 51% vs. -28 ± 16%, p < 
0.004) were also significantly different between these sub-
groups. 
Within the entire ischemic group, changes in peak EfA 
velocity ratio from rest to immediately after exercise corre-
lated with changes in wall motion score index (r = 0.61, P = 
0.004) and inversely with changes in left ventricular ejection 
fraction (r = -0.61, p = 0.004). Changes in E wave decel-
eration correlated with changes in left ventricular end-
systolic volume (r = 0.69, p = 0.0008), end-diastolic volume 
(r = 0.76, p = 0.0001) and wall motion score index (r = 0.56, 
p = 0.01). Changes in heart rate from rest to after exercise 
did not correlate significantly with changes in any of the 
Doppler variables tested (Table 5). 
Multiple stepwise linear regression selected changes in 
wall motion score index and in ejection fraction and heart 
rate, in that order, as the best predictors of change in peak 
EfA velocity ratio. Peak A velocity and peak normalized E 
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Table 6. Results of Multiple Stepwise Linear Regression Analysis 
Relating Changes in Individual Doppler Variables With Changes 
in Indexes of Left Ventricular Size and Function 
LV Variable' r Valuet 
Peak E velocity EDV 0.56 
Peak A velocity LVEF 
HR 0.65 
Peak EtA velocity ratio WMSI 
LVEF 
HR 0.75 
E wave deceleration EDV 0.76 
Peak E wave velocity normalized LVEF 
to total velocity-time integral 
HR 0.60 
'The variables listed are those chosen by stepwise regression in order of 
decreasing strength of correlation with the Doppler variables. tMultiple 
correlation coefficient. LV = left ventricular; other abbreviations as in Tables 
2,3 and 5. 
velocity were best predicted by changes in ejection fraction 
and heart rate, in that order. Only change in left ventricular 
end-diastolic volume, an estimate of left ventricular preload, 
was selected by mUltiple linear regression analysis as signif-
icantly correlating with changes in peak E wave velocity and 
E wave deceleration (Table 6). 
Discussion 
Previous Doppler studies of myocardial ischemia and ab-
normalities of left ventricular diastolic function. Both exper-
imental and clinical investigations have demonstrated that 
abnormalities of indexes of left ventricular diastolic function 
occur with myocardial ischemia (10), that these changes in 
diastolic function may precede abnormalities in systolic 
Table 5. Correlations Between Changes in Doppler Echocardiographic Variables and Changes in 
Indexes of Left Ventricular Size and Function in 20 Patients With Exercise-Induced Myocardial 
Ischemia 
ESV EDV LVEF WMSI HR 
Peak E velocity 
r value 0.47 0.56 -0.30 0.47 -0.17 
p value 0.04 0.01 NS 0.04 NS 
Peak A velocity 
r value -0.40 -0.28 0.54 -0.45 0.38 
P value NS NS 0.01 0.05 NS 
Peak EtA velocity 
r value 0.54 0.50 -0.61 0.61 -0.30 
P value 0.01 0.03 0.004 0.004 NS 
E wave deceleration 
r value 0.69 0.76 -0.47 0.56 0.20 
p value 0.0008 0.0001 0.04 0.01 NS 
Peak E wave velocity normalized to total 
velocity-time integral 
r value 0.49 0.42 -0.51 0,38 0,31 
p value 0.03 NS 0.02 NS NS 
HR = heart rate; other abbreviations as in Tables 2 and 3. 
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function (14) and that diastolic abnormalities may be more 
severe (28) and require a longer time to recover than systolic 
abnormalities (15). Analysis of the trans mitral flow velocity 
wave form obtained with Doppler echocardiography has 
been recently used to evaluate diastolic function during 
various forms of myocardial ischemia. Labovitz et al. (17) 
and de Bruyne et al. (18) observed significant decreases in 
the early diastolic filling phase and increases in the late 
diastolic filling phase with corresponding decreases in the 
Ef A velocity and area ratios accompanying acute ischemia 
during coronary angioplasty. Iliceto et al. (19) used Doppler 
echocardiography to study transmitral flow before and im-
mediately after rapid atrial pacing in patients with coronary 
artery disease. In the patients who developed evidence of 
ischemia as manifested by ECG changes during atrial pacing, 
there was a significant decrease in the peak early flow 
velocity and an increase in the peak atrial flow velocity with 
a corresponding decrease in the EI A ratio compared with the 
findings in patients without ECG changes during atrial pac-
ing. 
Alterations of Doppler trans mitral flow velocity patterns 
during dipyridamole infusion have been found (21) to be less 
useful in detecting transient myocardial ischemia as deter-
mined by thallium scintigraphy. However, Lattanzi et al. 
(20) observed a significantly greater reduction in the Ef A 
ratio in patients with greater impairment of left ventricular 
systolic function as determined by two-dimensional echocar-
diography during dipyridamole infusion. 
Exercise-induced ischemia in the current study. Compar-
ison with previous studies. The results of the present study 
demonstrate that changes in the mitral flow velocity profile 
in the presence of exercise-induced myocardial ischemia 
differ from those occurring in the presence of ischemia 
induced by other methods. In the present study, patients in 
the ischemic group actually demonstrated a slight increase in 
the peak EfA velocity ratio from rest to immediately after 
exercise, a response that differed from that in the non-
ischemic group. Although individual patient responses var-
ied, a substantial percent of subjects in the ischemic group 
demonstrated a significant increase in the Ef A ratio after 
exercise despite the presence of ongoing ischemia as judged 
by the presence of a regional wall motion abnormality. 
Changes in peak EI A velocity ratio were the result of a 
proportionately greater increase in peak E velocity than in 
peak A velocity in the ischemic group, whereas the reverse 
occurred in the nonischemic group. 
Mitchell et al. (29) previously studied changes in mitral 
flow velocity occurring with exercise-induced ischemia and 
found that the change in Ef A velocity ratio from rest to 
exercise did not differ in patients with and without ischemia. 
These investigators did find that an inability to increase 
mean diastolic velocity by >50% from rest to the postexer-
cise period was useful in separating the two patient groups. 
Although the present study confirms that patients with 
ischemia demonstrate a lesser increase in mean diastolic 
velocity with exercise than do patients without ischemia, no 
JACC Vol. 18, No. I 
July 1991 :75-82 
clinically useful demarcation point for separating the two 
groups was found. The reasons for these discrepancies 
between studies are not clear but may be related to the 
presence of cardiac medications that were not routinely 
discontinued before exercise testing in the study by Mitchell 
et al. (29). As these investigators (29) discussed, the failure 
of patients with ischemia to increase mean transmitral flow 
velocity during exercise to the same extent as patients 
without ischemia may be related to ischemia-induced reduc-
tion in left ventricular stroke volume. 
In the present study, the proportionately greater increase 
in peak E velocity in patients with ischemia may reflect a 
higher initial pressure gradient during early diastolic filling 
compared with that of patients without ischemia. Several 
previous studies have demonstrated the importance of left 
ventricular preload on the pattern of left ventricular filling in 
both experimental preparations (7) and human subjects 
(5,6,8). These studies, utilizing Doppler echocardiography, 
confirmed the results of Ishida et al. (30), who demonstrated 
that the peak left ventricular filling rate in early diastole is 
determined by the left atrial pressure at the onset of mitral 
valve opening in addition to the rate of left ventricular 
relaxation. Thus, a reduction in left ventricular preload may 
result in a filling pattern that mimics the Doppler echocar-
diographic pattern of diastolic dysfunction (7), whereas an 
increase in preload may mask the abnormal filling pattern 
typically associated with diastolic dysfunction (8). 
Our findings of an increase in the Ef A velocity ratio and E 
wave deceleration despite the presence of myocardial isch-
emia suggest that ischemia-induced increases in left ventric-
ular filling pressures may have resulted in pseudonormaliza-
tion of the Doppler flow pattern. Support for this postulate is 
found in the study of Carroll et al. (31). These investigators 
(31), utilizing biplane angiography and micromanometer 
pressure recordings, demonstrated that, compared with a 
nonischemic control group, patients with exercise-induced 
ischemia had increased early diastolic filling during exercise 
despite prolongation of the time constant of isovolumetric 
pressure decay. This increase apparently occurred as a 
result of a substantial increase in left atrial driving pressure 
as estimated by left ventricular pressure at the time of mitral 
valve opening. Thus, hemodynamic data demonstrate that 
early diastolic filling during exercise-induced ischemia is 
maintained at the expense of increased left atrial pressure. 
The degree of elevation of left ventricular filling pressure 
during ischemia is related in part to the extent of reduction 
in left ventricular systolic function. Thus, our data demon-
strating that changes in peak Ef A velocity ratio correlated 
significantly with changes in systolic function indexes pro-
vide supportive evidence for an increase in driving pressure 
during early diastole tending to mask abnormalities in dia-
stolic function as determined by Doppler echocardiography. 
If the response of left ventricular diastolic pressure to 
ischemia induced by exercise differs from that to ischemia 
induced by atrial pacing, it would explain the discrepancy 
between our study and that of Iliceto et al. (19). In a group of 
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patients with coronary artery disease, O'Brien et al. (22) 
demonstrated that left ventricular diastolic pressure in-
creased abnormally when angina was induced by exercise 
but not when it was induced by atrial pacing. 
Mitral regurgitation has also been proposed (32) to result 
in an augmentation of early diastolic flow velocity. Although 
none of our patients demonstrated significant mitral regurgi-
tation at rest, it is possible that ischemia-induced mitral 
regurgitation occurred during exercise and contributed to the 
masking of diastolic dysfunction as determined by Doppler 
echocardiography (33). In the presence of mitral regurgita-
tion, an increase in left atrial V wave pressure will increase 
the velocity of early diastolic mitral flow as a result of an 
increase in the left atrial-left ventricular pressure difference 
at the onset of mitral valve opening (34). 
Strengths and limitations of the present study. Left ven-
tricular diastolic filling is the result of the interactions of 
several factors, including left ventricular relaxation, passive 
compliance, left ventricular loading conditions and heart rate 
(1,2). Therefore, it is not surprising that the pattern of left 
ventricular diastolic filling as assessed by Doppler echocar-
diography would also be influenced by these variables. 
Nevertheless, the Doppler transmitral velocity profile has 
been widely used as a means of assessing diastolic function. 
The present study demonstrates that the response of the 
transmitral flow velocity profile in patients with exercise-
induced myocardial ischemia differs from that previously 
reported (17-19) in ischemia induced by other means, such 
as percutaneous coronary angioplasty or atrial pacing. The 
use of simultaneous two-dimensional and Doppler echocar-
diography in this study permitted assessment of transmitral 
flow velocity at a time when definite ischemia (systolic 
regional wall motion abnormality) was present. Further-
more, the study was performed after withdrawal of all 
cardiac medications. Previous studies have shown that such 
medications may influence the trans mitral flow profile both 
at rest (5) and during exercise (35). Additionally, there were 
significant correlations between changes in certain Doppler 
variables and changes in systolic function indexes, implying 
that ischemia-induced changes in systolic function influence 
changes in diastolic Doppler variables. The use of multivari-
ate regression analysis to account for the effects of multiple 
variables also demonstrated the significant influence of sys-
tolic function indexes on the Doppler variables. 
The greater increment in heart rate from rest to exercise 
in the nonischemic compared with the ischemic group un-
doubtedly influenced the differences in changes in Doppler 
variables during exercise. However, these variables corre-
lated significantly better with changes in systolic function 
indexes than with heart rate. Additionally, any influence of 
an increase in heart rate after exercise would have been 
expected to result in a decrease in the E/A ratio (36), 
consistent with the changes observed in the nonischemic 
group but the opposite of those that occurred in the ischemic 
group. 
Positional factors may also have played a role in the 
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changes observed in the Doppler velocity profiles. Previous 
studies (37) have demonstrated that left ventricular filling 
pressure is enhanced in the supine compared with the 
upright position. Nevertheless, positioning in our study was 
the same for both rest and postexercise evaluations and for 
both ischemic and nonischemic groups. Furthermore, as in 
our study, in earlier studies (17-20) utilizing nonexercise 
techniques to induce ischemia, patients were evaluated in 
the supine position. 
Finally, not all of our patients in the nonischemic group 
underwent coronary arteriography. Although a normal exer-
cise ECG and the absence of exertional chest pain and ECG 
changes in these patients make the presence of significant 
coronary artery disease very unlikely (24), we cannot ex-
clude the possibility that lesser degrees of myocardial isch-
emia were present in the six subjects who did not undergo 
arteriography. There were, however, no differences in the 
response to Doppler variables from rest to the postexercise 
period between those patients in the nonischemic group who 
did or did not undergo coronary arteriography. Neverthe-
less, it is possible that in the setting of lesser degrees of 
exercise-induced myocardial ischemia, Doppler echocar-
diography may demonstrate the typical pattern of diastolic 
dysfunction. 
Conclusions and clinical implications. Exercise-induced 
myocardial ischemia results in significantly different changes 
in the trans mitral Doppler flow velocity profile compared 
with ischemia induced by other methods. Despite the pres-
ence of definite ischemia, the trans mitral flow profile failed 
to reveal the classic findings of abnormal ventricular relax-
ation in a substantial percent of patients with coronary artery 
disease. Although the precise mechanism for these changes 
remains to be defined, the finding of relations between 
changes in Doppler variables and left ventricular systolic 
function suggests that increases in left ventricular filling 
pressure accompanying exercise-induced ischemia may ac-
count for the pseudonormalization of the transmitral flow 
velocity profile. 
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